Introduction
The Paraná River Basin is divided into four different parts: the upper part, the middle part, the lower part and the delta (Stevaux 2000) . The upper part corresponds to the upper Paraná River system, which represents the second largest drainage system in South America. Taking up an 802.150 km 2 areas in Brazil, this system comprises hydrographic networks which go through the states of Mato Grosso do Sul, São Paulo, Goiás and Paraná and harbor huge tributaries such as the following rivers: the Grande, the Paranaíba, the Tietę and the Paranapanema (Stevaux et al. 1997; Castro et al. 2003) . One of the affluent of the Paraná River is the São Francisco Verdadeiro River, originating in Cascavel city (Paraná), with an area of 2.219.1 km 2 and has a great number of streams and headwaters associated with its system (Gubiani et al. 2010) .
The streams, common components of the hydrographic basins, are ecosystems which generally present a huge diversity of habitats and small species (Castro 1999 ) that can be largely influenced by a direct pattern of water connectivity (Shrurin et al. 2009 ). Several tools, such as cytogenetics, have explored these characteristics, originating very consistent data about the role of the geographic isolation and the fixation of some characters amongst the fish population.
One of the most representative orders is the Characiformes with about 1,700 species distributed in 270 genera and 18 families (Nelson 2006) , and 475 species from this order have been cytogenetically studied (Oliveira et al. 2009 ). Characidae family is a very diversified group with about 950 species and 165 genera ) grouped in 13 subfamilies, due to the inclusion of Stevardiinae (Weitzman et al. 2005) , comprehending a largely heterogeneous assemblage of small and big fish. In this family there are 88 genera listed as Incertae Sedis, including the Astyanax Baird & Girard, 1854 genus that previously belonged to the Tetragonopterinae subfamily . The Astyanax has 140 valid species according to current data (Froese & Pauly 2013) .
The species belonging to Astyanax genus are small, with a compressed body, sort of elongated, rarely bigger than 150 mm and they present a broad geographical distribution, particularly when one considers the fish stream fauna of the upper Paraná River (Eigenmann 1917; Súarez & Lima-Junior 2009) . Astyanax scabrip- innis (Jenyns, 1842), Astyanax fasciatus (Cuvier, 1819) and Astyanax altiparanae Garutti & Britski, 2000 have been considered a "species complex", characterized by morphologically very similar species (Souza & MoreiraFilho 1995; Fernandes & Martins-Santos 2004; Pazza et al. 2006) . The Astyanax scabripinnis complex, for example, is comprised of 17 species, including Astyanax paranae Eigenmann, 1914 (Bertaco & Lucena 2006 Bertaco et al. 2010) .
Several cytogenetic studies have been carried out in the genus Astyanax and the first data was gathered by Jim & Toledo (1975) in A. fasciatus and A. altiparanae (mentioned as A. bimaculatus). The diploid number in the genus ranges from 36 chromosomes in Astyanax schubarti Britski, 1964 (Morelli et al. 1983 to 50 chromosomes in A. scabripinnis, A. fasciatus, A. altiparanae and A. jacuhiensis (Cope, 1894) (Maistro et al. 1998; Artoni et al. 2006; Hashimoto et al. 2008; Pacheco et al. 2010) .
In A. scabripinnis the diploid number varies from 46 to 50 chromosomes (Moreira-Filho & Bertollo 1991; Vicari et al. 2008) . Within this complex some chromosomal differences have been observed among stream populations of the same basin, such as diploid number, karyotypic formula, number and location of the chromosome pair bearing the nucleolus organizer regions (NORs) and the distribution of the heterochromatin (Moreira-Filho & Bertollo 1991; Ferro et al. 2001; Alves & Martins-Santos 2002) . Astyanax fasciatus has a variation of 45 to 50 chromosomes (Artoni et al. 2006; Pazza et al. 2006) , and also chromosomal differences have been observed among populations, such as diploid number, karyotypic formula, as well as number and location of the NORs and the distribution of the heterochromatin (Morelli et al. 1983; Pazza et al. 2008) . Another interesting characteristic verified in this complex is the presence of various karyomorphs in sympatry, as observed by Artoni et al. (2006) in the Tibagi River, and by Pazza et al. (2006) in the Mogi-Guaçu River. However, in A. altiparanae, there is a stability of the diploid number, with 50 chromosomes (Jim & Toledo 1975; Pacheco et al. 2001) . Despite this trend toward conservativeness in the diploid number among the population of the various streams within the same basin, variations in the karyotypic formula, number and location of the NORs were verified (Ferreira Neto et al. 2009 ) and small variations of the distribution of the heterochromatin (Fernandes & Martins-Santos 2004) .
In the face of the variations observed in many cytogenetic studies and of the complexity of those species, this study aims to cytogenetically evaluate A. paranae, A. fasciatus and A. altiparanae populations belonging to two headwater streams, checking both the evolutionary trend and the chromosomal differentiation in all three species. 
Material and methods
Cytogenetics analysis was done in A. paranae (6 males and 11 females), A. fasciatus (4 males and 7 females) and A. altiparanae (4 males and 4 females) collected from the Pindorama stream (24
• 44 43 S; 53
• 50 83 W) and A. paranae (4 males and 5 females), A. fasciatus (4 males and 4 females) and A. altiparanae (11 males and 5 females) collected from the Lopei stream (24
• 48 03 S; 53
• 36 23 W), both affluent of the São Francisco Verdadeiro River, in the upper Paraná River Basin (Paraná, Brazil). The Pindorama and Lopei streams are first order streams, both flow into the São Francisco Verdadeiro River (second order) and with an approximate distance of 36 km from river mouth to river mouth. The fish were sacrificed by means of a clove oil overdose as described by Griffiths (2000) and the specimens deposited in Coleção Ictiológica do Núcleo de Pesquisas em Limnologia, Ictiologia e Aqüicultura -Nupélia -Universidade Estadual de Maringá, Brazil (NUP 12569, NUP 12574, NUP 12572, NUP 12570, NUP 12573, NUP 12571, respectively) . The mitotic chromosomes were obtained from anterior kidney cells, according to Bertollo et al. (1978) and Foresti et al. (1993) . The NORs were characterized by impregnation with silver nitrate (Howell & Black 1980) . To detect the heterochromatin (C-band), a conventional technique of barium hydroxide (Sumner 1972 ) was used, with changes in staining were done with propidium iodide (Lui et al. 2009 ) under previous analysis of the slides with conventional Giemsa (sequential analysis). The morphology of the chromosomes was determined, based on the proportion of the arms as mentioned by Levan et al. (1964) , with a fundamental number calculated considering the metacentric chromosomes (m), submetacentrics (sm) and subtelocentrics (st) containing two arms, and the acrocentrics (a) containing only one arm. The metaphases were captured with a digital camera DP71 attached to a photomicroscopic Olympus BX 60 using the DP Controller software version 3.2.1.276.
Results
The chromosome data obtained allowed the identification of the following diagnostic characters for each species.
Astyanax paranae
The diploid number for A. paranae was 48 chromosomes (8m + 20sm + 10st + 10a) in both streams (Fig. 2) . Multiple NORs were observed, with interindividual variation in both populations. In the Pindorama population, NORs were in a terminal location in the long arm of one of the chromosomes of the 3, 5 and 18 pairs and in the 15, 16 and 19 pairs and bitelomerics on the pair 4 (Fig. 3) . In the Lopei population, NORs were at the terminal location on the long arm in one of the chromosomes of the 3 and 14 pairs and in the short arm in one of the chromosomes in the 15 and 19 pairs and in the short arm in pair 16 (Fig. 3) . From the specimens of both streams, the C-banding clearly showed small centrometric marks and associated with the NORs, observed in the pairs 3, 4, 5, 8, 13, 15, 16, 18 and 19 in the population of the Pindorama stream. In the population of the Lopei stream, heterochromatin was observed in the pairs 2, 3, 8, 9, 10, 15 and 16 (Fig. 4A) . 
Astyanax fasciatus
The diploid number was 50 chromosomes for A. fasciatus in both streams, however their karyotypes were different. The karyotypic formula was 8m + 18sm + 10st + 14a for Pindorama population and 8m + 14sm + 12st + 16a for Lopei population (Fig. 2) . Multiple NORs were observed, with interindividual variation in both populations. In Pindorama population, NORs were in a terminal location in the long arm of pairs 5 and 10 and in one of the chromosomes pair 20 and in the short arm in one of the chromosomes in the 16 and 23 pairs. In Lopei population, NORs were in the terminal location of the long arm in one of the chromosomes pair 10 and 20, in the short arm of pairs 3 and 14, both arms in pair 19 (Fig. 3) . In the population of the Pindorama stream, the C-banding showed clearly a conspicuous block in the terminal location of the long arm of the pair 20. In the population of the Lopei stream, the C-banding showed a conspicuous block in the terminal location of the long arm of the pairs 19 and 20 (Fig. 4) .
Astyanax altiparanae
The diploid number for A. altiparanae was 50 chromosomes (6m + 30sm + 4st + 10a) in both streams (Fig. 2) . Multiple NORs were observed, with interindividual variation in both populations in a terminal location in the long arm of pair 6, in the short arm in one of the chromosomes of pair 14 and in pair 19 from the Pindorama stream; in the terminal location of the long arm in one of the chromosomes of pair 6, and in the short arm in one of the chromosomes in pair 14 and in pair 19 in the Lopei stream (Fig. 3) . The C-banding clearly showed pericentrometric bands and heterochromatin associated with the NORs in the specimens from both streams, observed in pairs 5, 7, 9, 10, 16, 19 and 24 in the population of the Pindorama stream. In the population from the Lopei stream it was observed in pairs 4, 5, 8, 10, 16, 19, 21, 22 and 25 (Fig. 4) .
Discussion
The streams exhibit diverse environments, such as rocks and rapids and the species that inhabit them in general present characteristics that favor vicarious events (Castro 1999). These species can be geographically isolated in the headwaters of the tributaries, and the barriers can be material (such as the speed of water flow or the type of riverbed), chemical (verified in the water composition), as well as tectonic movements. Such ecological changes allow microgeographical isolation in different locations and in some fish groups (Lowe-McConnel 1969) . In streams, the isolation is often paralleled with a continuous variable such as the volume of flow and the environmental variables, since it can stop dispersion in several degrees (Taylor & Warren 2001) .
Karyotypical and morphological differences were observed by Moreira Filho & Bertollo (1991) in A. scabripinnis belonging to streams from different basins and streams within the same basin, namely isolated headwaters one from another. These authors observed that in studies of A. scabripinnis species complex, as well as other species with similar characteristics, it is important to interpret the gathered data not only with an isolated role caused by the dividers of the major hydrographic systems, but particularly as a role of different environments such as the streams. Then the karyotypical differences would occur due to the fact that independent processes of chromosomal reorganization are developing in each one of the populations (Souza & Moreira-Filho 1995) .
Although an interpopulational variation of diploid number in the studied species has not been verified, A. paranae and A. fasciatus present interpopulational karyotypical differences more conspicuous than those of A. altiparanae populations. Differences in the karyotypic formula in distinct populations have been observed in the studies of A. scabripinnis (Alves & Martins-Santos 2002) , A. fasciatus (Domingues et al. 2007 ) and A. altiparanae (Medrado et al. 2008) . The presence of 48 chromosomes in Astyanax scabripinnis complex was also verified in the streams of the up- Malacrida et al. 2003) . The presence of 50 chromosomes in A. fasciatus was verified by Artoni et al. (2006) in the Tibagi River, an upper Paraná River affluent. As in several studies about A. altiparanae (Jim & Toledo 1975; Pacheco et al. 2001; Domingues et al. 2007; Hashimoto et al. 2008; Ferreira Neto et al. 2009 ), the presence of 50 chromosomes was verified in the present study. Souza & Moreira-Filho (1995) stated that the number of chromosomes carrying NORs also denotes an important factor for the differentiation among the populations. The presence of multiple NORs with interpopulational variation is common between the species of A. scabripinnis and A. fasciatus (Ferro et al. 2001; Medrado et al. 2008) , as verified by the present study in A. paranae and A. fasciatus, presenting interpopulational differences in the location and in the number of chromosomes that carrying NORs. Variations in the NORs in A. altiparanae also have been observed (Fernandes & Martins-Santos 2004; Ferreira Neto et al. 2009 ); however, in the present study, both populations presented the same pairs marked by the silver nitrate.
Although there are different patterns of heterochromatin in A. scabripinis and A. fasciatus, the pattern of centromeric heterochromatin verified here in A. paranae was also observed by some authors in A. scabripinnis (Stange & Almeida-Toledo 1993; Souza et al. 1996; Mantovani et al. 2000; Vicari et al. 2008) . In A. fasciatus, the presence of telomeric heterochromatin verified in the present study was also observed by other authors (Daniel-Silva & Almeida Toledo 2001; Centofante et al. 2003; Pazza et al. 2008) . The pericentromeric heterochromatin verified in A. altiparanae seems to be preserved, as was observed in the studies that used the C banding technique (DanielSilva & Almeida Toledo 2001; Domingues et al. 2007; Hashimoto et al. 2008; Ferreira Neto et al. 2009 ).
Interpopulational differences in the heterochromatin distribution were also observed in other studies. Moreira-Filho & Bertollo (1991) and Fernandes & Martins-Santos (2003) verified differences in pattern, quantity and distribution of the heterochromatin among the populations of A. scabripinnis of streams of the same basin. Differences regarding the heterochromatin between two karyomorphs of A. fasciatus in simpatry were demonstrated by Artoni et al. (2006) and small variations were observed between the two allopatric populations (Pazza et al. 2008) . Regarding A. altiparanae, as in the present study, small interpopulational differences in the amount of heterochromatin have been observed (Fernandes & Martins-Santos 2004) .
Some hypotheses were created to explain the constraint of some species of fish to the headwaters and they were based on abiotic factors, such as seasonality, order and average width of the canal; and in biotic factors (mainly competition between congeneric "lambaris" -small fish, tetras), mechanisms of dispersion of the species through large rivers and the genetic distance among the different populations, consisting of issues of important ecological and zoo-geographic implications (Caramaschi 1986 ). Endler (1982) stated that the species are found in specific locations because its ecological characteristics allow them to do so, having dispersed to that location. Caramaschi (1986) , while doing a study in different river basins with several species of fish observed that A. scabripinnis was the only species that presented decreasing constant values from the upper portion toward the lower portion in the rivers of all the basins studied. Astyanax fasciatus was classified as accessory in the upper portion and medium in the Pardo Basin, constant in the middle portion of the Paranapanema Basin, incidental in the middle portion and constant in the lower portion of the Tietę Basin. Astyanax altiparanae [cited as A. bimaculatus (L., 1758)] presented itself as constant in the lower portions of the rivers of the Tietę Basin. Besides that, A. altiparanae was among the more extensive, regarding the canal order, present from the first (headwaters) to the fifth order (large rivers).
Due to its extensive reach of rivers and streams from the first to the fifth order, and due to their migratory behavior, even within short distances (Orsi et al. 2002) , both populations of A. altiparanae seem not to be isolated, hypothesis which was corroborated by the cytogenetic data hereby presented. However, for A. paranae, with less constancy of the specimen in lower portions of the canal and characteristics which constrain it to headwaters, as verified by Caramaschi (1986) , the São Francisco Verdadeiro River, stretching between both mouths of the two streams, seems to have worked as an ecological barrier for both populations, stopping and/or minimizing the dispersion among the two streams. This hypothesis is corroborated by the interpopulational karyotypical differences observed in the present study. Centofante et al. (2006) observed similar results (interpopulational differences in the karyotypic formula, in the number of chromosomes bearing NORs and in the pattern of the heterochromatin) in both populations of Oligosarcus hepsetus (Cuvier, 1829) belonging to tributaries of opposite margins of the Paraíba do Sul River, suggesting that this river limited the genetic flow between the populations, favoring the fixation of rearrangements.
In A. fasciatus, where the shape of the dispersion is extensive, as an accessory species, or constant in different stretches of the canal, as observed by Caramaschi (1986) , there were also differences found among the studied populations. According to Artoni et al. (2006) , the interpopulational karyotypical diversity may occur even in species with some dispersion, such as A. fasciatus, and would appear due to the fixation of the rearrangements of chromosomes in the populations, influenced by factors such as the effective size of the population, the genetic flow and/or the genetic drift. Besides, cytogenetic studies on A. fasciatus in distinct orders of the canal demonstrate remarkable karyotypical differences among the specimens from the rivers and the streams. The predominance of the karyomorphs with 46 to 48 chromosomes in A. fasciatus populations (Centofante et al. 2003; Abel et al. 2006; Torres-Mariano & Morelli 2006; Pazza et al. 2006 Pazza et al. , 2008 , and the presence of several karyomorphs (45, 46, 47 and 48 chromosomes) in simpatry in the Mogi-Guaçu River (Pazza et al. 2006 ) demonstrate a specific characteristic of the populations that occupy these major hydrographic systems (canals of a major order).
However, in studies done in streams of headwaters, the karyomorph of 50 chromosomes (without the presence of different karyomorphs) seems to be common in collected specimens in these environments, as verified in one of the karyomorphs observed by Artoni et al. (2006) at the Cará-Cará River and the Dourada Lagoon (affluents of the Tigabi River) and in the present study, may represent a characteristic of the populations of the complex of A. fasciatus restricted to headwater streams.
Conclusion
In the present study, it became evident that these ecosystems (streams) which present a great diversity of environments harbor an assemblage of poorly known ichthyofauna and that cytogenetics of fish associated with ecology studies is an important tool to understand the processes involved in the distribution and dispersion of some species, verifying different trends in the evolution and diversification of the species of the genus Astyanax.
